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Chapter 1

The NUM Achine M ultiprocessor

1.1 Introduction

NUMAchine is a scalable cache-coherenshared-memorynultiprocessodesignedo be modular cost-
effective andeasyto program[V+95]. The architectureof the NUMAchine multiprocessorconsistsof a
numberof stations connectedy a hierarchicaking interconnectiometwork,asshownin Figurel.1. This
organizationprovidesmodularityfor incrementagrowthin systensize.

TheNUMACchine stationis shownin Figurel.2. Eachstationcontainsa numberof processocardswith
caches]ocal memory,|l/O, and a networkinterface. The networkinterfaceincludesa network cachefor
cachingremotedata,andaring interfaceconnectedo thelocalring. Thecomponentsf astationconsistof
commoditypartsfor cost-efectiveness.

Eachlocalmemoryimplementaportionof theglobalsharednemory andthenetworkinterfacencludes
anetworkcacheto cachedatafrom remotememorys.A hardwareachecoherenc@rotocolis implemented
in the local memoryand networkinterface. This sequentialyconsistaniprotocolautomaticallymaintains
valid copiesof datain cacheghroughouthe systemin orderto provideeaseof programming.

Central Ring

|
]

C Local Ring .. Local Ring )

~ 7

Stations

00 fﬁ

Figurel.1: TheNUMAchine hierarchy



CHAPTER1. THE NUMACHINE MULTIPROCESSOR 3

~
~ Local -

Disks
1/O Memory

Ethernet--e—

| |
| |
| |
| |
| |
| |
| |
: <: Station Bus > :
| |
| |
| |
| |
| |
| |
| |

SCache eeoe SCache|

Figurel.2: Componentin aNUMAchine station

1.2 Processor Card

Theprocessocardisillustratedn Figurel.3. Theprincipalcomponentsf theprocessocardaretheMIPSR4400
microprocessothesecondargacheandtheexternalagent. Theprocessocardalsocontaing=IFO buffers

to andfrom the NUMAchine stationbus, and a numberof local resourcesaccessibléhrougha separate
local businterface. Theseresourcegonsistof: (a) performancemonitoringhardware (b) dedicatedeg-
istersfor interruptsand barriers,(c) local I/O hardware(d) EPROMmemory and (e) an interfaceto the
Gizmo [PVL92], a separatesingle-boardnicrocomputer

1.3 Memory Card

The memorycardis illustratedin Figure1.4. The memorycard consistsof FIFO buffersto andfrom the
NUMAchine stationbus, DRAM for datastorage, SRAM for the directory maintainedby the hardware-
implementedcachecoherencgrotocol,anda speciafunctions/monitoringunit.

1.4 Network Interface Card

The networkinterfacecardthatincludesthe networkcacheis illustratedin Figure1.5. As with all cards
within astation,the networkinterfacecardalsocontains1FO buffersto andfrom the NUMAchine station
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NUMACchine Station Bus

bus. Therearetwo separatéIFO buffersto the stationbusin orderto satisfythe deadlockavoidancepro-
tocol. OneFIFO buffer is for sinkable requestshatcannotgeneratsmewrequestsvhentheyarrive at their
destinationandtheotherFIFObuffer is for non-sinkablerequestshatmaygenerat@mewrequestsvhenthey
arriveattheirdestination.To prevendeadlockthesdwo classe®f requestsrehandledseparatelyo ensure
thatit is alwayspossibleto procesall outstandinginkablerequestsSincesinkablerequestslonotgenerate
any newrequestsconsuminghemfreesup anyresourcege.g.,buffer spaceneededy outstandinghon-
sinkablerequestsNotethatthis deadlockavoidances performedautomatically by the hardwardor easeof

programming.

Theremainingcomponentsf thenetworkinterfacecardinclude: (a) SRAM for assemblingpacketsom-
ing from thering, (b) DRAM for the networkcacheand(c) the cachecoherenceontrollersanddirectory

SRAM for thenetworkcache.

Figurel.3: NUMAchine processocard
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Figurel.4: NUMAchine memorycard

1.5 1/0O Card

Eachstationcansupportup to two I/O cards.Thel/O cardincludesa R4650processqron boardmemory
anda PClbusincluding4 SCSicontrollers.

1.6 Software

The softwarefor the NUMAchine multiprocessoconsistsof applicationprogramsand systemprograms.
Fromthe point of view of applicationprogramsNUMAchine presents flat addresspacethatis accessed
in thesamaway usingload/storenstructiongor bothlocalandremotememory Thehardware-implemented,
sequentiallyconsistantcachecoherencérotocolautomaticallymaintainsvalid copiesof bothlocal andre-
motedatathroughouthe system However systemprogramaeedto distinguishbetweerocal andremote
accessefor dataplacemenandmanagemengndalsomustbeableto overridethe cachecoherenceroto-
col for initialization or application-specifioptimizations.In addition,systenprogramsequirecontrolover
low-level hardwardeaturessuchasl/O.
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1.7 Organization of this Document

The purposeof this documenis to providedetailedhardwarenformationfor systemprogrammer®f the
NUMAchine multiprocessqrandto describdssuegelevantto systemsoftware.

In Partll of this documentthe NUMAchine addresspacds defined(Chapter2 on page9), featureof
theprocessocardaredescribedChapter3 on pagel6),andcachecoherencéardwards discussedChap-
ter 4 on page25). I/O hardwares discussedChapter5 on page31), anddetailsfor monitoringaregiven
(Chaptet6 on page36)

InPartlll of thisdocumentconfiguratiorandstartupof NUMAchineis describedChaptef7 onpage45),
testingis discussedChapter8 on page46), and otherdetailsof importanceare discussedChapter9 on
page47).

Furtherdetailsonimplementatiorfor variouscomponent®f the NUMAchine multiprocessoarefound
in anumberof relateddocuments:

e cachecoherenc@rotocolspecificatior{Grb9q
e designof stationbusandring hierarchy[Lov96]

e implementatiordetailsof processocard,revision1.0[ZLC*96]
(NOTE: this document is obsolete, but provides a useful overview that is the basis for later revisions
of the processor card.)

e implementatiordetailsfor thememorycard,revision1.0[LGG*96]
(NOTE: this document is obsolete, but provides a useful overview that is the basis for later revisions
of the memory card.)

e implementatiordetailsfor 1/0 card[Gus94g
e designof monitoringhardwargLem96]

e overviewof the TornadooperatingsystemO/S9g
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Chapter 2

Address Space

2.1 Address Space Definition

Theaddresspacdor theNUMAchine multiprocessohasmultiple viewsthatare,in large part,determined
by the MIPS R4400microprocessomemorymanagemenand addresdranslation whosedetailsare de-
scribedelsewhergHei94]. In NUMAchine,the R44000peratesn 64-bit mode. Thedifferentviews of the
addresspaceaaredetailedbelow

NUM Achine application developer address space. a virtual globaladdresspaceof 1 Thyte (24° bytes)
thatrangesrom 0x00 0000 0000 to Ox FF FFFF FFFF. Thisaddresgorrespondto theR4400 user
process space.

NUM Achine system programmer address space: avirtual globaladdresspaceof 16 Ebytes(264 bytes)
thatrangesdrom 0x0000 0000 0000 0000 to Ox FFFF FFFF FFFF FFFF.

e Thisaddresspacecorresponds$o the R4400 supervisor and kernel space.

e Not all of the 16-Ebytespacds usableby systemprogramsgconsult{Hei94] for details.In par
ticular, thelowest1-Thyteportion of this spaceoverlapswith the R4400userprocessspaceo
permitsystemprogramdo accessheaddresspaceof the currentuserprocess.

R4400 physical address space. aglobaladdresspacef 64Gbyteg2¢ bytes)thatrangegrom0x0 0000 0000
to OxF FFFF FFFF. Thisis the maximumphysicalmemorythatcanbeaddressebtly theR4400,i.e.,
only 36 bits of the potential64-bitaddresspaceareused.

NUM Achine physical address space: aglobaladdresspaceof 1 Thyte(24° bytes)thatrangesrom0x00 0000 0000
to OXFF FFFF FFFF.

e This spaceis divided equallyamongl16 stations,with the high-orderbits 39..36selectingthe
subrangdor eachstation.Outgoing36-bit physicaladdressegeneratedy the R4400aretrans-
formedby NUMAchine hardwareo 40-bit NUMAchine physicaladdresseasingthe transfor
mationshownin Figure2.1 onthefollowing page.

¢ InthecurrentR4400-baseinplementatiorof NUMAchine,bits 31..28arealwayszeroafterthis
transformatiort.

!Bits 31..28arezeroin the currentimplementatiorto supporta futureimplementatiorusing the MIPS R10000microproces-
sor[MIP94], thathasa 40-bitaddressangethetransformatiorfrom 36-bitaddresseto 40-bit addressess only for the R4400.
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R4400 — stn |magid per-station address portion

/S |
///| |

NUMAchine [ring |stn procLHring Stn 1 stn [magi¢0000|  per—station address portion

mask| maskl mas mask| mask|

60" 56' 520 48 44! 40 36 32' 28'2726 0

- . E— Notes: (1) ‘stn’ identifies one of 16 stations in 4 encoded bits
inati whereas the pair ‘ring mask’ and ‘stn mask’ are
source procr/stn destination stn decoded routing masks from the 4 encoded bits.
(2) ‘magic’ identifes one of 16 addressing functions in
4 encoded bits.
(3) bits 27..26 serve as extensions for the magic bits
for certain magic bit values

Figure2.1: Assignmenbf addresbits

e Sinceonly bits 39..0areusedfor the NUMAchine physicaladdressthe remainingbits (63..40)
in the64-bitdatapatlareavailablefor otherpurposesBits 63..40arethereforausedo holdrout-
ing information.Incoming40-bitNUMAchine addressearemappedackinto 36-bitR4400ad-
dressedy simplyreversinghetransformationSincetheR4400ignoreshits 63..360f incoming
addresseghesebits in the NUMAchine addressareleft unchangedby the reverseransforma-
tion. Detailsof the addresdransformatiorandgeneratiorof routinginformationaredescribed
in the hardwareémplementatiordocumentatiofiZLC *96].

2.2 MagicBits

Within theperstationsubrangef theNUMAchine addresgi.e., bits 35..0),bits 35..32arecalledthemagic

bits. Their purposés to specifytheinterpretatiorof thesubrangef theaddresspaceagivenby theremain-
ing bits (27..0). The perstationsubrangef the addresspacedentifiedby bits 35..32and27..0is divided

betweerphysicalDRAM memoryfor instructionsanddata,memory-mappedpeciafunctions,andspecial-
purposeregisters.Theinterpretationof the magicbitsis givenbriefly in Table2.1 on the next page,along
with areferencen this documentvheremoredetailsareavailable.

Notethatdueto the addressransformatiorshownin Figure2.1,themagicbits in R4400 addresses
arein bits 31..28. Whensystemsoftwareconstructsaddressesitherfor normalmemoryaccesses
or for specialfunctions,the magicbits mustbe correctly specifiedin bits 31..280f 36-bit R4400
addressesothataftertransformationnto 40-bitNUMAchineaddresseshemagicbitsarecorrectly
shiftedto bits 35..32.

Unlessotherwisenoted, all addressesin theremainder of thisdocument are40-bit NUM Achine
addresses. The correspondin@6-bit R4400addresss obtainedby performingthe reverseof the
transformationn Figure2.1.
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Table2.1: Interpretatiorof magicbits

11

Magic Bits Detailed
35..32 Macro Brief Description Reference
0x0 MGC_LOCAL_MEM Alias for local memory card Section4.2
DRAM accesses (used only
during exception processing)
0x1 MGC_PROCR Accesdocalresourcesnproces- Chapter3
sorcard(Gizmoboard resetcon-
troller, EPROM ,etc.)
0x2* MGC_NC WB Network cache forced DRAM Sectior4.3
writebackby address
Ox3* MGC_NC_.DRAM_LOCK | Uncached, atomic networkcache Sectior4.3
DRAM accesdy index
0x4 MGC_MON Access special functions and Chapter6
monitoring
Ox5* MGC_MEM _UPDATE Initiate update from memory Sectior4.2
card(uncachedvrite)
0x6* MGC_NC KILL Network cachekill operationof Sectior4.3
cachdine by address
ox7* MGC_NC_PREFETCH Networkcacheprefetchof cache Sectior4.3
line by address
0x8f MGC_REM_INT_MON Remotewrites to interruptregis- Section3.4
ters or monitoring hardwareon
anyprocessocard
0x9* MGC_NC_CMD Network cacheoperationsy in- Sectior4.3
dex: forced DRAM writeback,
uncachedhormalDRAM access,
uncachedchormal SRAM access,
uncachedtomicSRAM access
Oxa MGC_MEM_SRAM_LOCK | Uncached, atomic memorycard Section4.2
SRAM access
Oxb MGC_MEM_DRAM_LOCK | Uncached, atomic memorycard Section4.2
DRAM access
Oxc MGC_MEM_BCAST Initiate broadcast from memory Section4.2
card
Oxd MGC_MEM_SRAM Uncached memorycard SRAM Section4.2
access
Oxe MGC._IO I/O operations Chapter5
Oxf MGC_NORMAL Normal memory or network Sectionst.2,4.3
cacheDRAM accesqcachedor
uncached)asedon station bits
in address

*Thetargetstationis determinedy thefilter mask register in the externalagent(seeSection3.2on pagel?).

tThetamgetstationis determineckither by thefilter maskregisteror the stationbits in theaddress.
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2.3 Magic Extension Bits

Forsomemagichbit valuesadditionalinformationis neededTo conveythis additionalinformation,address
bits 27..26areusedasmagic extension bits. Theinterpretatiorof theextensiorbitsis specificto eachmagic
bit valuethatrequireghem;consultthereferencegivenin Table2.1 onthe pagebefore.

2.4 Maximum Physical DRAM Memory

Thelocal DRAM memoryin eachstationis accessedith themagicbits seteitherto OxOor Oxf (seeTable2.1
ontheprecedingage).Sincetheperstationaddressangefor physicalDRAM memoryis limited to 28 bits
(whenusingthe R4400),themaximumphysicaDRAM memoryperstationis 256 Mbytes(222 bytes).For
16 stationsthetotal DRAM capacityis therefore4 Gbytes(23? bytes)?

Althoughthe memorycardis designedor thefull capacityof 256 Mbytes, it hasonly beentestedwith
16 Mbyte SIMMs, for atotal of 128 Mbytesof memory Two memorycardscanbe usedon a stationbus,
however

2.5 Constructing Addressesin System Software

Systemsoftwaremustconstructappropriateaddresse orderto accessnemoryor performspecialfunc-

tions. To aid in thistask,a numberof conveniencenacrosareprovidedfor systemprogrammerso setthe
contentsof individual fields of anaddresgseeAppendixA on page49 for moredetailson thesemacros).
Addressesreconstructedy ORingtogetherthe desiredfield contents.For example to readthe memory
cardSRAM contentdor a cacheline whosehomememoryis in station0x5, the magicbits mustbe setto

Oxd (seeTable2.1 onthe precedingpage)andthe stationbits mustbe setto 0x5. Assumingfor illustrative
purposeshatthe offsetfor thecachdine in the homememoryis 0x3a45f00thefollowing C codewill then
constructandaccesshe appropriateaddressplacingtheresultin thevariableSRAMdat a:

{
| ong SRAM dat a;

| ong * SRAM dat a_addr ;

SRAM dat a_addr =
(long *) (NUMA_STN (0x5) | NUMA_M3C (0xd) | Ox3a45f00);
SRAM dat a = * SRAM dat a_addr ;

}

Althoughamacrois providedfor settingthemagicfield to anarbitraryvalue,symbolicmacrosarealsopro-
videdasa mnemoniadeviceto avoid havingto consultTable2.1 on the pagebefore. For memorySRAM
accessthemacroMcC_MEM_SRAMgenerateshe desiredmagicbits. Theabovecodecouldbe modifiedas
follows:

SRAM dat a_addr =
(long *) (NUMA_STN (0x5) | M3C_MEM SRAM | 0x3a45f 00);

2In animplementationusingtheMIPS R10000bits 31..28canalsobeusedo addres®RAM memoryincreasinghemaximum
physicalmemoryperstationto 4 Gbytes(2?? bytes),andthetotal for 16 stationsto 64 Gbytes(2*¢ bytes).
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The macrosshift the given valuesto the appropriatgoositionin the 36-bit R4400addressij.e., there-
sultingaddressn SRAM dat a_addr will beOx5 d3a4 5f 00. This addressvill thenbeconvertedauto-
maticallyto a40-bit NUMAchine addressvhenit leaveshe R4400,andwill alsohavetherequiredrouting
informationembeddedh the high-ordemits 63..40.

By usingtheseconveniencenacrossystensoftwareneednotbeconcernedvith theprecisebit positions
of thevariousfields. Themacrosidetheseadetailsto simplify thedevelopmentf systemsoftwareandallow
for future portability.

2.6 Interconnect Routing Protocol and the NUM Achine Address Space

The addresspaceof the NUMAchine multiprocessopresentsapplicationprogrammersvith a coherent,
shared-memorprogrammingmodelsupportecentirelyin hardware.Although system-leveprogrammers
canalsotakeadvantagef this hardware-supportemhodel,they mayalsoexercisemoredirectcontrolover
theroutingof requestshroughtheinterconnectiometwork. In orderto exercisemoredirectcontrol,system-
levelprogrammersusthavesuficientknowledgeof theinterconnecprotocolthatgovernghetransmission
of requestsandresponsesTo this end, releventaspectf the interconnecprotocolare presentedn this
sectionfor the benefitof system-leveprogrammersFurtherdetailsareavailablein NUMAchine Hardware
Reference and Maintenance Manual [CGG97].

2.6.1 Packet Format

The varioushardwarecomponent®f the NUMAchine multiprocessocommunicatéy exchangingnfor-
mationin units of packets. Theformatof the basicNUMAchine packetis givenin Table2.2. Eachpacket
containsa setof commandits, and64 address/dathits. Parity/ECChits arealsoprovidedfor errordetec-
tion. Therearetwo typesof packets:

e aheader packet(Addressandcommand),

e andadata packet(DataanddatalD).

Table2.2: BasicNUMAchine packetformat

| Field | Size(num.of bits) ||
Command/datéD 16
Commandparity 2
Address/data 64
Address/datparity 8

2.6.2 Packet Sequences

Requestandresponsearesentthroughttheinterconnecasa sequencef packetsonsistingof oneheader
packetfollowed by zeroor moredatapackets.The principalpacketsequencearegivenin Table2.3onthe
nextpage.

Theheadepacketn eachsequenceontaingheaddres®sf thedatain questionspecificallya40-bitNU-
MAchine addressugmentedvith routinginformation,ashighlightedby thebold boxesshownin Figure2.2
onthefollowing page.
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Table2.3: PrincipalNUMAchine packetsequences

| Packesequence | Headempackets| Datapackets||
Readrequestcachedr uncached 1 0
Interventionrequesfor cacheddata 1 0
Uncachedeadresponse 1 1
Cachedeadresponse 1 8or16t
Uncachedvrite request 1 1
Cachedwrite requestblockwrite or writeback) 1 8or16f
Updaterequesfor cachedlata 1 1
Invalidationrequestor cacheddata 1 0

TNote: 8 packetdor 64-bytecachdines, 16 packetfor 128-bytecachelines.

NUM';‘%%T&( :%nzgs ?ﬁgs ﬁ:gg_ %ngs ﬁigs stn |magi¢0000 per—station address portion
60" 56/ 52 48| 44" 40 36" 32 28'27 26
L J L A
Y Y~ Y
source procr/stn destination stn 40-bit address
0001 0100 |_|

0001 1000 0010 0001

station 0 on_/

local ring O

Station 0 on each local ring
is the first station downstream
from the global ring connection.

Figure2.2: Assignmenbf uniquestationandring addresses

2.6.3 Control Over Packet Routing

All componenpacketsn anoutgoing packetsequencérom theR4400areroutedtogetheraccordingo the

informationin theheadepacket.

e Thedestinatiorstationfor normalmemoryrequestge.g.,magic=0xf)is determinedautomaticallyby
thehardwaréasednthecontentof bits 39..360f aNUMAchineaddresin theheadepacket.These
bits aredeterminedy the virtual-to-physicamemorytranslatiorwithin the R4400,followed by the
translatiorof the 36-bitR4400physicaladdresénto a40-bitNUMAchine addressthelateroperation

is performedby the externalagenthardwareassociateavith eachprocessar
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e The4-bit stationidentifierin bits 39..36is decodednto an 8-bit filter maskthatis placedin routing
bits 47..400f the NUMAchine addressThe sourceidentifierbits 63..52arealsoset. Both operations
areperformedby the externalagenthardwareassociateavith eachprocessar

However somerequestsitilize thefilter mask register to explicitly specifyoneor moredestinationgor
anoutgoingrequest.

e Eachprocessdss externalagenthasa separatdilter maskregisterwhosecontentscanbe written by
systensoftware.

Forcertainmagichit combinationsn requestéssueddy theprocessartheattachedhardwareautomat-
ically substituteshe contentsof thefilter maskregisterinto the routingbits 47..400f a NUMAchine
address.

The substitutbnmayalsobe enabledcontinouslyundersoftwarecontrolfor all outgoingaddresses.

This overridecapabilityinvolvesa two-stepprocess:

(a) thedesiredbit valuesarewritten to a specialmaskregisterin the externalagenthardware,

(b) aspecialmagicbit combinatiorfor write requestsnstructsthe externalagentto usethe contents
of themaskregisterfor thedestinatiorroutingbits.

Notethatthe sourceroutinginformationin bits 63..52cannotbeoverriddernunderanycircumstances;
thisinformationis crucialfor properroutingof responses to outgoingrequests.

Furtherdetailsregardingthefilter maskregisteraredescribedn Section3.2on pagel?.
To usethe overridecapabilitywith thefilter maskregister it is necessaryo understandhe hierarchical
routingprotocolusedin NUMAchine.

e The64-processoNUMAchine multiprocessoprototypeconsistf a hierarchicabrrangemenof up
to four local ringsconnectedo aglobalring, asshownin Figure2.2 onthe precedingpage.

e Oneachlocalring, thereareup to four stationseachwith upto four processors.

e In orderto transferdataacrosghe hierarchyof the NUMAchine multiprocessareverystationon ev-
ery ring needsa distinctaddress A stationis uniquelyidentifiedby the combinationof its ring and
stationnumberto form a ring/stationmaskthatis usedto identify both sourceanddestinatiorin the
NUMAchine addressasshownin Figure2.2 onthe pagebefore. A distinctstationandring address
is automaticallyassignedo eachstationat powerup.



Chapter 3

Processor Card

*»** THE MATERIAL IN THIS CHAPTERIS SUBJECTTO CHANGE. ***

Thebehaviorof the hardwarehasnot beenfinalized.

Theaddressangeselectedvith magic=0x1 or MGC _PROC'is usedoaccessesourcesvhicharelocal
to eachprocessocard. Themagicextensiorbits 27..26areusedo selectaspecificresourceandfunctionfor
reador write operationsTable3.1 providesa brief descriptionfor eachpossiblebit combinatiorandgives
referencesvheremoredetailsareavailable.

Table3.1: Addressspacefor processocard

MagicBits | Address Detailed
35..32 27..26 | Op | Brief Description Reference
0x1 00 R | DisableincomingFIFO (useseadto give proces- Section3.1
soracknowledgement)

W | Write thefilter mask(FM) registerandFM enable Section3.1
bit, andenableincomingFIFO
01 R | Disableparity checkingfor incomingdata Section3.3
W | Write thefilter mask(FM) registerandFM enable| Sections3.2,3.3
bit, andenableparity checkingfor incomingdata
10 R/W | Accessnterruptregistersandlocal monitoring Sections3.4,6.2.1
11 R/W | Accesdocalbus(includesGizmobus) Section3.5

3.1 Controlling the Incoming FIFO Buffer

A readwith magic=0xlandbits 27..26=00disablegheincomingFIFO buffer to the processarThis feature
is intendedo guarante¢hatno externalinvalidationsor interventionanodify the processocachecontents
while systenmsoftwareperformsa speciafunctionin thecache.Theresponséo thisreadoperatiordoesnot

containvalid data;it is usedonly asanacknowledgemerihdicatingthatthe FIFO hasbeendisabled.

16
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A write with magic=0xlandbits 27..26=00e-enablesheincomingFIFO for normaloperation.There
is noacknowledgemerih this case.Thewrite simultaneouslynodifiesthe FM register(seeSection3.2).

Note: Issuingareadrequesthatmissesn the cachebeforethe FIFO is re-enabledesultsin un-
defined behaviorandshouldbe avoided.Disablingof the FIFO is intendedonly for shortintervals
whereit is necessaryo guarante¢hatthe cachecontentsarenot affectedby externakrequests.

3.2 Filter Mask Register

In normaloperationthedestinatiorof outgoingrequest$rom the processois determinediutomaticallyby
hardwaregrom the stationbits in theaddressi.e., theroutinginformationin bits 47..400f the NUMAchine
addresss derivedfrom bits 39..35(seeFigure2.1 on pagel0). Thefilter mask(FM) registerassociated
with eachprocessopermitssystensoftwareto overridethedestinatiorof individual outgoingrequestgthis
is doneautomaticallyfor certainmagicbit values) or for all outgoingrequestgthismustbeenabled/disabled
explicitly). Thecontentsf the FM registerarecopiedinto bits47..40in outgoingaddressewhenthis over
ride featureis enableckitherautomaticallyor explicitly.

Thecontentof the FM registeraremodifiedby anuncachedvrite with magic=0x1 andbits 27..26=00
or 01. Bits 47..40in the datafor thewrite mustcontainthe newfilter mask.To enablethe substitutonof the
FM registercontentsnto all subsequerdautgoingwrites(for normalmemoryaccesses.e., magic=0xf),the
FM enablebit (addresbit 25) mustbesetwhenwriting theFM register Note that it is not possibleto set the
enable bit without setting the FM register. The contents of data bits 47..40 are alwayswritten into the FM
register when magic=0x1 and addressbits 27..26=00 or 01. AslongastheFM enablebit is set,all outgoing
addresse@with magic=0xf)havethe FM registercontentssubstitutedn bits 47..40. The FM enablebit is
clearedwith anuncacheadvrite to the FM registewith addres®it 25=0. Normally, theFM enablebit would
notbeset,andtheFM registersubstitutonis doneautomaticallyfor individual addresselsasednthemagic
bits.

Forexamplejf the maskOx11 is to be writtento the FM register andFM registersubstitutionis to be
enabledor all outgoingrequestssystemsoftwaremustconstructa NUMAchine addresgor anuncached
write suchthat:

e addresdbits 35..32= 0x1 (magichits),
e addresdbits27..26= 00 (or 01),
e addresdit 25=1.

Thedata(i.e., thenewfilter mask)for thewrite musthavebits 47..40=0x1.

NOTE: Thereis asmallproblemin thatin orderto write the FM registerwhile keepingtheincom-
ing FIFOin thedisabledstate |t is necessaryo knowwhetherparity checkings currentlydisabled.
Thisis becausaddresbits 27..26mustbe 01 to keepthe FIFO disabled(a write with addresdits
27..26=0Cnableshe FIFO).However awrite with bits 27..26=01enablegarity checkingn addi-
tion to updatingthe FM register To disableparity checkingagain,a readwith bits 27..26=01must
immediatelyfollow the write. Normally, parity checkingis disabledonly whendebugginghence
writing the FM registemwith bits 27..26=01is safe,sinceit keepsparity enabled.
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3.2.1 Initiating Cache Line Broadcasts from the Processor

TheFM registeipermitsthegeneratiomf cachdine broadcastdirectlyfromtheprocessofbroadcastthrough
thememorycardaredescribedn Sectiond.2onpage26). Thisspecialbperatiorshouldnormallyperformed
only by systemsoftwareusingthefollowing procedure:

1. Thecachdine to bebroadcasts loadedinto the processocache.

2. TheFM registeris written with a filter maskwhich specifieamorethanonedestination.In the same
write operationthe FM enablebit is set(seeSection3.2 onthe precedingprage).

3. Usingthe CACHE instructionof the R4400[Hei94, p. A-44], the cachdine in questionis forcedto
bewritten back. As the cachdine leaveshe processoandenterghe outgoing FIFO, the FM register
contentaresubstitutednto the outgoingaddress.

4. TheFM enablebit is clearedwith awrite to the FM registerto returnto normaloperation.

Note: It is possibldor thecachdine in questiorto beejectedrom thecachebeforeit canbewritten

backexplicitly. The CACHE instructionis thenappliedto whatevercachdine residesn the cache
locationcorrespondindo the addressn questionhencetheremay be a broadcasbf someother
cachdine.

Note: If anuncacheadvrite is performedvith magic=0xf,andthe FM registeris active theuncached
writeswill bebroadcasto thelocationsspecifiedoy the contentof the FM register

3.3 Controlling Parity Checking for Incoming Data

A readwith magic=0xlandbits 27..26=01disablegarity checkingfor incomingdatain the FIFO buffers
thatare externalto the processat Theresponséo the readdoesnot containvalid data;it servesonly as
anacknowledgementThis feature is intended only for debugging DRAM and SRAM accesses to the mem+
ory card or network cache. By disabling parity checking, no interrupt is generated on parity errors, which
permits debugging softwareto examine data as it arrives.

A write with magic=0xlandbits 27..26=01enablegarity checking. Thereis no acknowledgemerih
this case.Thewrite simultaneouslynodifiesthe FM register(seeSection3.2 onthe precedingpage).

3.4 Interrupt and Barrier Registers

With magic=0xlandbits 27..26=10n anaddressaprocessomayreador write its interruptregisters With
magic=0x8theregisterof otherprocessorsnaybe written (but notread). Thefollowing sectiongrovide
detailson accesgo theinterruptregisters.

34.1 Register Addressesand Operation

Therearetwo interruptregistersavhich areseparatelyaddressableThe addressearegivenin Table3.2on
thenextpage;addresbits 21..6and2..0arenot usedandshouldbe setto zero. Theregisteranayberead
destructivelyor nondestructivelyi.e.,contentlearedor preserved)Notethatremoteaccessearelimited

Parity checkingby the R4400is determinedat boottime from the dedicatedserialconfiguratiorROM. The detailsfor R4400
configuratioraredescribeclsewhergHei94]. Section3.5.2onpage21 of thisdocumentiscussefow systemsoftwaremaycon-
trol R4400configuration.
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Table3.2: Interruptandbarrierregisteraddresses

Magic Address Address| Address
Register | 35..32 27..26 25..22 5.3
Hardware| 0x1 (local; write) 10 000X 000
Interrupts| Ox1 (local; destruct.read) 10 000X 000
0x1 (local; nondestructread) 10 1110 000
0x8 (remote;write) seeTable3.50npage21 | 000X 000
Software | 0x1 (local; write) 10 000X 001
Interrupts| Ox1 (local; destruct.read) 10 000X 001
0x1 (local; nondestructread) 10 1110 001
0x8 (remote;write) seeTable3.50npage21 | 000X 001
Barrier | 0x1 (local;write) 10 000X 010
0x1 (local; destructread) 10 000X 010
0x1 (local; nondestructread) 10 1110 010
0x8 (remote;write) seeTable3.50npage21 | 000X 010

Note: remotereadsareundefined.

Table3.3: Externalaccesgo interruptregisters
| InterruptReg.| Bits | Accessiblérom NUMAchine bus? |
Hardware | 31..16| no;anydatasuppliedin thesebitsis ignored;
bits 20..16arededicatedinesfrom procr. card
15..0 yes;write only

| Software | 31.0 | yes;write only |

to writesonly; remotereadsareundefinedandshouldbe avoided.The hardware interruptregistercontains
32 bits. The software interruptregisterhasa minimumof 32 bits andmaybeextendedo 64 bits. Accesses
to eitherinterruptregistermustusea datasize of either32 bits or 64 bits, with properaddresalignmentto
32-bit or 64-bitword boundariesFor 64-bit accesseghelower 32 bits containsvalid datawhenaccessing
32-bitinterruptregisters.

Thelocalprocessomayreador write all bits of bothregisters Table3.3indicatesvhich bitsarewritable
by externaldevicesfrom the NUMAchine bus. Whenwriting to the hardwarenterruptregisterfrom the
NUMAchine bus,databits 31..16areignored.

Barrierregistersare 32 bits (extendibleto 64 bits). They do not generaténterrupts.Hence they must
bepolledby the processoto determinédf bits areset. The contentof barrierregistersaarenormallysetwith
broadcastincachedvrites. Theaddressearegivenin Table3.2.

Writing any valueto eitherthe hardwareregisteror softwareregistertriggersan interruptfor the local
processarWriting a‘1’ to aspecificbit positionis usedto indicatethe sourceof theinterrupt.

Whenaninterruptservicereturnis invoked,it shouldnormallyreadthe interruptregisters.Readingan
interruptregistemperformghreefunctions:(a)thecurrentinterruptis cleared(b) thecontentf theinterrupt
registerarereturnedasthereadresponseand(c) theregistelis clearedo zeroafterits contentareread.Note
thatboth registeramustbe readto determinehe sourceof the interrupt. The interruptis clearedwhenthe
first registeris read.
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Table3.4: Hardwareinterruptregisterbit assignments

| Bits | Mask(Hex) | Description |
31..26 reserved

25 0x2000000| monitoringcounter3overflow

24 0x1000000| monitoringcounter2overflow

23 0x0800000| monitoringcounterloverflow

22 0x0400000| monitoringcounterGoverflow

21 0x0200000| monitoringcounterSRAM overflow(notyetimplemented)

20 0x0100000| UART (with connectolacrosshus)haspendingrequestthisinter-
rupt shouldbe maskableso that only one processoper stationis
interrupted.

19 0x0080000| ToomanyNACKs or retriesfor busrequest

18 0x0040000| Busaccessimeout

17 0x0020000| Interruptreceivedeitherfrom Gizmo,on-boardDUART, or Reset
controller (seeSection3.5.2on the following page). Readreset
controllergeneral-purposeegisterto determinesourceof interrupt
(seeTable3.8on page23).

16 0x0010000| “Gizmo dead’interruptif no readresponsérom Gizmointerface
beforetimeoutoccurs

15..3 | 0x000ff8 | Software-programmablmterruptsfor Mem. specialfunctions,
Monitoring, andl/O

2 0x0000004 | Ring Interfaceerrorpacketreceived

1 0x0000002 | Networkcachecoherencerror

0 0x0000001| Memorycardcoherencerror

20

3.4.2 Bit Assignments

The hardwarenterruptregisteris 32 bits. The upperl6 bits arereservedor on-boardhardwarenterrupts
andaccessiblenly from thelocal processarThelower 16 bits arewritablefrom theNUMAchine bus. The
bit assignmentaredetailedin Table3.4.
Thereareno fixed bit assignmentfor the softwareinterruptregister;jit maybe usedin anymanner
Thereareno fixed bit assignmentfor the barrierregister;it maybeusedin anymanner

3.4.3 RemoteWrites

The interruptregisterdor otherprocessorsnay be written with magic=0x8. Addressbhits 27..26selecta
specificfunction,asshownin Table3.5 on thefollowing page.Remotereadsare not permitted. Note that
writesto monitoringhardwareof otherprocessorareperformedusingthe samemagicbit value;detailsare
givenin Chapter6 on page36.

Forexamplejf processot writesto theinterruptregisterof processor® and0 in thesamestation the
requiredNUMAchine addressnustconsistof:

e bits39..36=0101(‘'1" in thebitsfor processorg and0),

e bits 35..32= 0x8 (themagicbits setfor remoteaccess),
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Table3.5: Remotewritesof interruptregistersor monitoringof otherprocessors
*%|S THIS TABLE CORRECT??7?27? 2+
** |ISTHEREA DIFFERENCEBETWEEN10AND 11 FORREMOTEWRITES?***
Magic Bits | Address
35..32 27..26 | Op | Brief Description

0x8 0X W | Writetointerruptregisterr monitoringof aprocessoim the same
station. Thetametprocessois selecteddy bits 39..36in the NU-
MAchineaddress(Remoteaccess$o monitoringis detailedurther
in Chaptel6 on page36).

1X W | Write to interruptregistersor monitoringof a processom another
station. The tamget stationis determinedy the currentFM regis-
ter contentsandthe processowithin the stationby bits 39..36in
theNUMAchineaddress(Remoteaccess$o monitoringis detailed
furtherin Chapter6 on page36).

e bits27..26= 00 (accessegisterin samestation).

Notethata processomaywrite to its ownregisterby selectingtself in bits 39..36.

To write registerof processori otherstation(s)the FM registermustfirst bewritten with the desired
routingmaskfor oneor morestationgseeSection3.2 on pagel7); the FM enablebit neednot be set,since
the magicbits will automaticallyselectthe FM registercontents.Normally, whenmorethanonestationis
selectedall processors in eachstationare selectedsincethis is typically a global interrupt. In this case,
bits 39..36would be 1111. Whenselectinga specificprocessoin anotherstation,the routingmaskshould
uniquelyspecifya singleremotestation,andonly onebit shouldbe setin bits 39..36.

3.5 Local Bus Address Space

With magic=0xlandbits 27..26=1 in anaddressthelocal busis accessedA numberof devicesarecon-
nectedo thelocalbus,andbits 23..20dictatewhich deviceis accessedisdetailedin Table3.6 onthenext
page.Addresits 25..24arenotusedfor localbusaccessesThelocal busis accessewith uncached reads
or writes.

The Gizmointerfaceandtheresetcontrollerarediscussedn thefollowing sectionsMonitoring is dis-
cussedn Chapter6 on page36,andthelocal UART is discussedn Chaptets onpage31.

3.5.1 Gizmo Interface
3.5.2 Reset Controller

Whenthe resetcontrolleris selectedaddressits 4..1 selectthe desiredfunction, asspecifiedin Table3.7
onthefollowing page.Whenaccessinghe GeneraPurposdregistergi.e.,addresbits4..1=10000r 1010),
Tables3.8onpage23and3.9onpage24 providetheinterpretatiorof thedatabitsfor uncachedeads/writes.
This interfacesupportonly 16-bit, 32-bit and64-bit accessesThe data is in the UPPER 16 bits of 32-bit
words for both reads and writes.

In Tables3.8onpage23and3.9on page24, settinga bit performsthe specifiedunctionon writes,and
asetbit onreaddndicateghatthe correspondingonditionis true. Whenoverridingthe processoconfigu-
rationbootROM values,Table3.8on page23indicategheinterpretatiorof bits 7..1. Notein Table3.8that
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Table3.6: Localbusaddresspace

22

Magicbits | Address| Address
35..32 27..26 | 23..20 | Description
Ox1 11 0000 | SelectsGizmoif presentptherwisdocal EPROM
0001 | SelectsGizmoif presentptherwisdocal EPROM
001X | SelectsGizmoif presentptherwisdocal EPROM
0100 | Selectgesetcontroller
0101 | Selectd-LEX programmefor Alteradevices
011X | SelectanonitoringSRAM
1000 | SelectdocalEPROM
1001 | Selectd~LEX programming=PROM
101X | Selectdocal UART
110X | SelectgGizmo,if presentptherwise
raise"Gizmo-dead"interruptwith
garbageadatareturnedfor reads
111X | undefined
Table3.7: Resetcontrolleraddresspace
Magichbits | Address| Address| Address
35..32 27..26 | 23..20 4.1 Description
0x1 11 0100 00XX | reservedor bootROM programming
0100 | optionalgasplasmadisplay
0101 | undefined®
011X | undefined®
1000 | GeneraPurposeRregistertl
1001 | undefined®
1010 | GeneraPurposeRegistert2
1011 | undefined’
1100 | lower 2 digitsof 7-segmentlisplay
1101 | upper2 digits of 7-segmentlisplay
111X | undefined?

TWritesareignored;readseturngarbagelata.
Requredbecausenly 32-bitand64-bitaccessesupported.

writeswith bit 0=0andbit 5=1 duplicatethe function of writeswith bit 13=1. This featureis providedfor
backwardcompatibilityonly andshouldnot be usedfor newdesigns.

Theresetcontrollerdirectly controlsoneof thehardwarenterruptg(bit 17in Table3.4onpage20). This
interruptcanbe setin oneof thefollowing ways:

e DUART interrupt(GPregister#1bit 13is set),
e configuratiorerror (GPregister#1bits 14 and/or9 set),

e interruptsentfrom Gizmo (write GP register#1bit 13; areadof GP register#1bits 9, 13,and14 is
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Table3.8: ResetControllerGeneraPurposeregistertl

Data Description
bits Read | Write
15 | procr scndrycachdine size=128ytes | makeanNMI request
14 | busCLinesize!= procr. CLinesize —
13 | DUART interruptis present sendinterruptfrom Gizmo
12 controlDUART interrupts;0—disable 1—enable
11 controlLBI interfaceaccesgor R4400;0—disable, 1—enable
10 | procruseECC systenresetrequest
9 | procruseECC!= bususeECC busresetrequest
8 | softresetcausg0—NMI,1—warmreset)| processowarmresetrequest
7..1 | R4400processoconfigurationrbootROM overridevalues
(defaultsmaybechangedy reprogrammindpardware)
bits 7..5: processcto-system-interfacelock speedivisor;
defaultis 001 which meandivide-by-3
(Note: awrite with bit 0=0andbit 5=1 performsthe same
functionasbit 13=1,i.e., interruptfrom Gizmo.
Providedfor backwardcompatibilityonly.)
bit 4: mostsig. bit of secondargachereadtime
bit 3: mostsig. bit of secondargachewrite time
bit 2: ECC/parityselect{0—ECC, 1—parity)
bit 1: secondargachedine size(0—64 bytes,1—+128bytes)
0 | controlR4400processoconfiguratiorbootROM override;
O—disable 1—enable
(Normally, this featureshouldbe disabled; shouldonly be enabled
immediatelyprior to aresetoperationto reconfigureprocessors)

zero);thisinterruptis alsocausedy theterminalkeyboardconnectedo the Gizmo.

23
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Table3.9: ResetControllerGeneraPurposeRegiste?2

encedetect. otherbit is #memcards-1)

Data Description

bits Read | Write
15..14| numprocessors[1..0} 1 —

13..12| nummemories[1..0]onebit is for pres-| —

Revisionnumber

UART Poll RequesDut

I/O presenceletect

Bus CL_size

BususeECC

wl Ao~ P

externalclk_sel(1—75MHz,
0—50 MHz); internalclk is double

N

poll_req

=

UART Flow ControlOut (R/W); default=0

UART Flow Controlln

24



Chapter 4

Cache Coherence Hardware

TheR4400processousedn NUMAchinepermitsbothcachedinduncachedataaccessesnapermemory-
pagebasisasindicatedn its TLB. ForcachedccessesheR4400furtherpermitsaccesset® becoherenor
non-coherentNUMAchine implementsa directory-base@dachecoherencén the hardwareexternatlto the
R4400[V+95]. Thedirectoryinformationis maintainedor eachcachdine in high-speedSRAM memory
whichis separatéromtheDRAM usedor instructionsanddata.Normally, only thehardwarémplementing
thecoherenc@rotocolaccessethedirectorySRAM. However thedirectorySRAM is accessibldy system
programdor initialization,aswell asfor implementingapplication-specificoherencgolicies. Thecontents
of the directorymaybe examinedr modifiedwith uncached readsandwritesfrom the R4400,with magic
bits setappropriatelyto indicatethatit is the SRAM, andnotthe DRAM, which mustbeaccessed.

4.1 Cache Coherence, Cache Consistency, and Uncached Accesses

Cachecoherence is a propertywhich appliesto anindividual cacheline and meanghatthe cacheline is
guaranteedystemwide to bein exactlyoneof thefollowing two states:

e either thereis only exactlyonevalid copy of the cacheline, locatedin eithera processocacheor a
networkcache(the exclusive state),

e or thereareoneor moreidentical valid copiesof the cacheline, oneof which must bein its home
memory(the shared state).

Notethata cachdine in theexclusivestateis not valid in its homememory
Statetransitionsfor a givencacheine follow astrictdiscipline:

e Shared—exclusive: this transitionis initiated with one processowishesto modify the contentsof a
cachdline, andrequiresthatall othercopies,includingthe onein the homememory areinvalidated
prior to performingthe modification.

e Exclusive—shared: thistransitionis initiated eitherwhentheonly valid copyis returnedrom a pro-
cessoor networkcacheto thehomememory or arequesto readthe cachdine by aprocessowould
requirethatanadditionalcopybe madefor anothercache. Thetransitionto shareds completedorior
to fulfilling thenewrequest.

e Shared—shared: in responseo areadrequesta copy of the cacheline is providedfrom wherevera
valid copyexists,i.e.,from thehomememory or from a networkcache.

25



CHAPTER4. CACHE COHERENCEHARDWARE 26

e Exclusive—exclusive: this transitionis initiated eitherwhenthereis only onevalid copy of a cache
line in a processocache andanothemprocessowishesto modify it, or whenthereis only onevalid
copyin a networkcacheanda processowishesto modify it. Thevalid copyis movedto the cache
of the processorequestingt, andinvalidatedat its previouslocationto satisfythe requiremenfor
exactlyonevalid copy This transitionis alsoinitiated whenthe only valid copy is ejectedfrom a
processocache,andis movedto a networkcache(if it cannotbe movedto the networkcacheand
mustbereturnedo its homememory thenthe statebecomesharedseethe descriptionin anearlier
bullet).

The R4400andthe coherencdardwardmplementedn NUMAchinetogetherensurecachecoher
encesystemwiddor agivencachdine providedthatall processorsisingthecachedine accesst in
the cached, coherent modeof operation.

Cacheconsistencyis apropertywhichappliego multiplecachdinesandcharacterizetheobserved order
by different processors of modificationgo thosecachdines. Thekeywaordsin this propertyare* observed”
and*different processors.’For examplejf a givencachdine is modifiedfour times,buta givenprocessor
only readghe cachdine once,it observe®nly onemodification.However whatmatterds therelationship
betweenthis observatiorand modificationsof other cache lines. Furthermorejt is the comparisorof the
observationsicrosdifferentprocessorsvhich determinghe natureof cacheconsistency

If it canbe shownthatall processorsbservehe sameorderof cachdine modificationsfrom anyvalid
concurrenexecutioron multiple processorsandthatthisordercouldalsobeachievedy anyvalid serialex-
ecutionof thesamecodeonasingleprocessarthenthemultiprocessoexecutioris saidto exhibitsequential
consistency.

The R4400andthe coherencénardwareimplementedn NUMAchine togetherensuresequential
cacheconsistencygystemwiddor agivenmultiprocessoexecutiorprovidedthatall processorsc-
cesscachdinesin the cached, coherent modeof operation.

Uncached accessebypasscachesanddirectly accessnemory The NUMAchine coherencénardware
doesnot performany statetransitionwhenservicinguncachedccessesHence the memorycontentsf a
givencachedine maybemodified,which maythenno longermatchcopiesof the cachedine throughouthe
system.

Furthermoreuffering of outgoingreadandwrite requestsn the externalagentassociateavith each
processodoesnot guarante¢hatanuncachedvrite reachesnemorybeforeanuncachedeadfor thesame
addressssuedaterby the sameprocessarThis is dueto thefactthattheoutgoingbuffers providea bypass

pathfor all readrequestsvhich canpermitan uncachedeadto reachmemorybeforean earlieruncached
write.

The R4400andthe coherencdardwareémplementedn NUMAchine do not provideeithercache
coherencer sequentiatonsistencyf uncachedccessearemadeto a cacheline in memory In
particular sequentiatonsistencys notensurecevenfor asingleprocessar

42 Memory Card

Thememorycardcontainanuchof thecachecoherencéardwardn additionto providingthe DRAM mem-
ory for instructionsanddata.Applicationprogramshormallyacces®nly the DRAM memory Systenpro-
grams howevermayalsoaccesshe SRAM memoryusedto storestateinformationfor thecachecoherence
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Table4.1: Magic bits combinationgor accessinglemoryCard

Magic Bits
35..32 Macro Description
0x0 MGC_LOCAL_MEM Alias for local memorycard DRAM accessegused only
during exception processing)
0x4 MGC_MON Accessspecialfunctionsandmonitoring
Ox5* MGC_MEM UPDATE Initiate update from memorycard(uncachedvrite)

Oxa MGC_MEM_SRAM_LOCK | Uncached, atomic memorycardSRAM access
Oxb MGC_MEM_DRAM_LOCK | Uncached, atomic memorycardDRAM access

Oxc MGC_MEM_BCAST Initiate broadcast from memorycard
Oxd MGC_MEM_SRAM Uncached memorycardSRAM access
Oxf MGC_NORMAL NormalDRAM accesgcachedr uncached)

*Thetargetstationis determinedy thefilter mask register in theexternalagent(seeSection3.2).

protocol. Systemprogramsanay alsoexploit speciaffunctionsimplementedn the memorycardto perform
specializedaskssuchasinitialization of the DRAM or SRAM. Table4.1 providesthe magicbit combina-
tionsthatareusedto acceswvariousfeatureof thememorycard. Theremaindeof thissectiondescribeshe
detailsof accessinddRAM, SRAM, andspeciafunctionsonthe memorycard.

421 Norma DRAM Access

Processormayreador write the contentof the DRAM memoryby issuingaddressesontainingthemagic
bit combinationMGC_NORMAL and(seeTable4.1).

Whenusedor uncached accessedGC_NORMAL allowsupto 8 bytesto bereadorwrittenatonetime.
Uncachedccessedo not alterthe cachdine statesincetheydo not requireenforcemenbf coherence.

Whenusedfor cached, coherent accessedGC_NORMAL reador writesanentirecachdine of either
64 bytesor 128 bytes. For coherentaccesseghe cacheline stateis affected,andadditionalactionmaybe
takenby the hardwargo enforcecoherence.

Whenusedfor cached, noncoherent accesseMIGC_NORMAL alsoreador writesanentirecachdine
of either64 bytesor 128 bytes.Forreadstherequestingtationis addedo thefilter maskfor thecachdine,
but no coherence-enforcement actions are taken sincethe accesss noncoherentThe updatingof thefilter
maskis providedmerelyasa conveniencédor the benefitof systemsoftware sincenoncoherenaccessare
mostlikely to be usedfor application-specifisoftwarecachecoherence Systemsoftwaremay accesshe
stateof agivencachdine to determinewvhich stationshavemadenoncoherentequestgor the cachdine.

4.2.2 Aliased Local DRAM Accesses

During exceptiorprocessingn systenmsoftware the magicbit combinationMGC_LOCAL _MEM is usedto
ensurehataccessearemadeto the local memoryon the samestationasthe requestingprocessar Apart
from this guaranteef localmemoryaccessthefunctionalityof MGC_LOCAL _MEM is otherwisddentical
to MGC_NORMAL. Thereasorfor adedicatednagicbit combinatiorfor localmemoryaccesss to permit
theuseof commonexceptioncodethatis independenof the stationon whichit is executed.
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4.2.3 Atomic DRAM Accesses

Processorsnay atomically accesshe contentsof the DRAM memoryby issuingaddressesontainingthe
magicbit combinatiorMGC_MEM _DRAM _LOCK and(se€Table4.1). Atomic acces$o thememoryis only
availablethroughuncachedccesse$iencehemaximumamountof datathatmaybeaccessedtomicallyis
8 bytes.Atomic acces$or largerdataquantitiegshroughprocessocachesequiresheuseof critical sections
with anexclusivelock protectingthe affecteddatastructures.

Useof MGC_MEM_DRAM _LOCK requiresadherencé aspecifictwo-staggrotocol. Thefirst stages
read-and-lock andthesecondstages write-and-unlock. A processowishingto makeanatomicDRAM ac-
cesperformgheread-and-locbyissuinganuncachedeadrequestith themagicbitssetto MGC_MEM_DRAM _LOCK.
Whentherequesis receivedatthetargetmemory the hardwardirst locksthecachdine, thenreadsandre-
turnstherequestedata.Oncethecachdine is locked,subsequentormalreador write requestgcachecbr
uncachedjrom othersourcesrerejectedwith a negativeacknowledgement.

Whentheresponselataarrivesat the processothatissuedtheread-and-lockequestthelocking of the
cachdine ensureshatresponseéataagreesvith thedatain memory Therequestinggrocessomaythenper
formthewrite-and-lockoy issuinganuncacheadvrite with themagicbits setto MGC_MEM _DRAM LOCK,
accompanietby the datato bewritten to the memorylocation. Whenthe write-and-lockrequestrrivesat
the tagetmemory the DRAM contentsarewritten, thenthe cacheline is unlockedto permitnormaldata
accesses.

4.2.4 Update Operations

TheR4400processosupportsanupdateoperatiorfor maintainingcachecoherencgHei94]. However NU-
MAchinedoesnotsupportheupdateoperationsssuedlirectlyby theR4400.InsteadNUMAchinerequires
thata processoperformanuncachedvrite with magic=0x50 thehomememoryof thedatafor theupdate.
The memorythenusesthe directoryinformationto identify the stationsthatmay havea copy of the cache
line to be updated.The updaterequesis thenissuedby the memoryasa multicastto oneor morestations.
NUMAchine further restricts update operations to exactly 64 bits that must be properly aligned. The per
stationbits of theaddress$ssuedwith magic=0x5dentify thecachdine to beupdated Theindividual 64-bit
word of the cachdine to beupdateds determinedy thelower addresits.

425 CachelLineBroadcast Operations
4.2.6 Normal and Atomic Accesses of SRAM Directory Contents

ToaccessheSRAM directorycontentsnaintainedn thememorycardof eachstation themagicbits mustbe
setto MGC_MEM_SRAM_LOCK or MGC_MEM_SRAM. In eithercaseanuncached reador write mustbe
usedto accesshe directorycontents Note that for uncached accesses to the directory, all addresses MUST
BE aligned with cache line boundaries. Undefined behavior resultsif addresses are not properly aligned.

MGC_MEM _SRAM_LOCK allowsatomicacces$o thedirectory;anuncachedead ocksthecachdine
in additionto returningits directorycontentswhile an uncachewrite unlocks the cacheline in additionto
replacingits directorycontents MGC_MEM_SRAM readsor writesthe directorycontentswithoutlocking
andunlocking.

Theremainingbits of the perstationaddres@reusedto determinenvhich cacheine SRAM stateis ac-
cessedThehardwaredetermineshe indexfor thecachdine in the SRAM memoryfrom the addressFor
amaximumof 256 Mbytes(22® bytes)of DRAM, theindexis givenby bits 28..6for 128-bytecachelines,
andbits 28..5for 64-bytecachdines.

The format of the datatransferredwith the uncachedeador write correspondslirectly to the SRAM
directorycontents.The interpretationof the directorycontentdor the memorycardis givenin Table4.2.
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Table4.2: Interpretatiorof directorycontentfor memorycard(R/W in dataportion)
| Bits | Mask(Hex) | Description |
63..17 Unused
16..9 0x1fe00 | Filter mask(bits 16..13for ring, bits 12..9for station)

8 0x00100 | Reserved

7.4 0x000f0 | Processomask(bit 7 is for processoB, bit 4 is for processoB)

3 0x00008 | Valid (1) orinvalid (0)

2 0x00004 | Locked(1) or unlocked(0)

1.0 0x00003 | Reserved

Table4.3: Magic bits combinationgor accessindgNetwork Cache

Magic Bits

35..32 Macro Description

0x2* MGC_NC WB ForceDRAM writebackby addres$rom networkcache

Ox3* MGC_NC_DRAM_LOCK | UncachedatomicnetworkcacheDRAM accesdy index

0x6* MGC_NC KILL Networkcachekill operationof cachdine by index

ox7* MGC_NC_PREFETCH | Networkcacheprefetchof cachdine by address

0x9* MGC_NC_CMD Networkcacheoperationdy index: forcedDRAM write-
back,uncachedciormalDRAM accesspncachedormal
SRAM accessyuncachedgtomicSRAM access

*Thetamgetstationis determinedy thefilter mask register in the externalagent(seeSection3.2).

Becausdits 0..16areused,uncachedccessesiustbefor atleast3 bytes with thestartingaddressligned
to acachdine boundary

4.2.7 Special Functions

Detailsfor specialfunctionssupportedy the memorycardareprovidedin Section6.3.1.

4.3 Network Cache

Thenetworkcachemaintaindocal copiesof datafrom remotestations.Thecachedocalcopiesareaccessed
transparentlythehardwareautomaticallyperformsremoteaccessesnly whenthereis no cachedocalcopy.
Applicationprogramanormally accesonly the DRAM in the networkcache.Systemprogramshowever
may alsoaccesghe SRAM usedto storestateinformationfor the cachecoherencerotocol. Systempro-
gramsmay alsoexploit specialfunctionsimplementedn the networkcache.Table4.3 providesthe magic
bit combinationshatareusedo accesshenetworkcache.Theremaindepf thissectiordescribeshedetails
of accessindpRAM, SRAM, andspecialfunctionsonthe memorycard.
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Table4.4: Interpretatiorof directorycontentdor networkcache(R/W in dataportion)
| Bits | Mask(Hex) | Description |
63..40 Unused
39..23| O0Oxffff800000 | Tagfor cachdine (magicbits 35..32notcheckedy networkcache)
22..16| 0x00007f0000| Unused
15..14| 0x000000c000 Reserved

13 | O0x000000200Q Databit (1=datareceivedfor interventions)

12..9 | 0x0000001e00 Processocountingmaskfor interventions

8 0x0000000100 Assuranceit (1=processomaskis exact)

7..4 | 0x00000000f0| Processomask(bit 7 is for processoB, bit 4 is for processoB)
3 0x0000000008 Valid (1) or invalid (0)
2 0x0000000004 Locked(1) or unlocked(0)
1 0x0000000002 Local(1) or global(0)
0 0x0000000001 Not-in bit (1=datafor cachdine notin station)

INITIAL VALUES: tagis setfor alocal cachdine, assuranceit is set,all otherbits arezero.
Theinitial valuesmustbe setby systemsoftwarefor correctoperation.

4.3.1 Normal and Atomic DRAM Data Accesses

4.3.2 Forced Writebacks

4.3.3 CachelLineKill Operations

4.3.4 CachelLinePrefetch Operations

4.3.5 Normal and Atomic Access of SRAM Directory Contents

To accesshedirectorycontentanaintainedn thenetworkcacheof eachstation,themagicbits mustbe set
to 029. An uncached reador write mustbe usedto accesghe directorycontents.Note that for uncached

accesses to the directory, all addresses MUST BE aligned with cache line boundaries. Undefined behavior

resultsif the addressis not properly aligned.

Theremainingbits of the perstationaddressn the uncachedperationareusedto determinehow the
directoryis accessedndwhich cachdine is accessedTheaddresits 27..26in theaddresslictatewhether
or notthedirectoryis to beaccessedtomically(10=atomic,11=normal).Thecachdine is selectedy index
in thenetworkcachej.e., usingthelow-orderbits correspondingp thesizeof the networkcache(excluding
thebits specifyingtheoffsetwithin acachdine). With an8-Mbytenetworkcachetheindexis givenby bits
22..6for 64-bytecachdines,andby bits 22..7for 128-bytecachdines. Bits 39..23form thetag.

Whenthenetworkcachealirectoryis written,thetagportionof thedirectorycontentsslocatedn thedata
packetin the samepositionit would appeaiin the40-bit NUMAchine addressWhenreadingthedirectory
thetagportionis returnedaspartof theresponselataalongwith theremaindeof thedirectorycontentdor
thecachdine.

Theformatof thedirectorydatacontentsvhich aretransferredvith theuncachedeador write is given
in Table4.4. Sincebits 39..0areusedfor readsuncachedeadanustaccesatleasts bytes.Sincebits 15..0
areusedor writes,uncachedavritesmustaccesstleast? bytes.In bothcasestheaddressesiustbealigned
with cacheine boundaries.
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|/O Hardware

Supportfor I/O in NUMAchine is distributedacrossstations.EachNUMAchine may containup to two 1/0
cards.l/O hardwards implementedn separateardsto offloadasmuchl/O overheadaspossiblefrom the
R4400processors eachstation.Eachl/O cardincludesa separat@rocessoandlocalmemoryto perform
low-level operationsuchascommunicatingvith 1/0 devicesandformattingdata.

5.1 Address Space

The R4400processorsnay invoke I/O operationsy issuingaddressewith magic=0xe asshownin Ta-
ble5.1. Thedestinatiorstationfor anl/O requestnaybe selectedy settingthe stationbits 39..36appropri-
atelyin the NUMAchine addressBecausegheremaybeup to two I/O cardsin eachstation,addressit 27
providesthe meansf selectingheappropriatecard.

Table5.1: NUMAchine addresspacefor I/O operations

MagicBits | Addres$
35..32 27 Op | Brief Description
Oxe 0=1/0 card#1| R/W | Routescommands/datto I/O hardware.
1=1/0 card#2 (Dest. stationbasedn stationbits 39..36)

TCheckingof addressit 27 is currentlydisabledaddressingf multiple I/O cardsmustbe done
throughsoftware

Note: Table5.1doesnot defineanyspecificl/O behaviorbecausét is determinecentirely by soft-
warethat executeslocally on each I/O card. Theexternabgenthardwardor eachR4400recognizes
commandsvith magic=0xeandroutesthemto theappropriatd/O card. Thel/O cardhardwareac-
ceptsandbuffersthesecommandsThe softwareexecutingon the l/O cardis thenentirelyrespon-
siblefor all aspect®f processinghesecommandsgommunicatingvith I/O devicesformattingap-
propriateresponsefor therequestingNUMAchine processorsandsendingheseresponsebackto
therequesters.

To formatappropriateesponsessystemprogrammersvriting codefor the I/O cardhaveaccesso the
Command field of headelanddatapacketgseeTable2.2on pagel3). This capabilityis alsousedto allow
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NUMACchinel/O hardwareo directlyaccessheMemoryCardin localor remotestations.Thisaccessispro-
vided only for packets generated fromthel/O card; normalsystensoftwarerunningontheR4400processors
cannotaccesshe Commandield.

Full detailsregardinghebit assignmentandencodinggor theCommand fieldin headeanddatapackets
areavailablein NUMAchine Hardware Reference and Maintenance Manual [CGGt97].

5.2 1/0O Card Organization

A block diagramof the /O cardis shownin Figure5.1onthefollowing page.Thel/O cardusesanR4650
microprocessorsimplifiedderivativeof theR4400microprocessoiTheR4650executesocal l/O software
from theonboardDRAM memoryto controlthetransferof databetweerthe FIFO buffersconnectedo the
NUMAchinebusandthel/O devicesonthe PClbus.All data transfersin either direction are staged through
the DRAM memory.

TheExternalAgent/PClbridgeis implementedisingthe GT-64010A(GT) madeby Galileo Technolo-
gies. Fordetailedinformationon the controllerpleaseeferto their websiteatwww.galileoT.com. The GT
includesafull interfaceto theR4650,anddirectly controlstheonboardmemory DUART andEPROM.The
accesspeedf thesedeviceds configurablén the GT andshouldnt be adjustedwithout first beingtested.

Underthecontrolof softwareexecutedy theR4650the DMA Enginein theGT transferslatabetween
DRAM andeitherthePClbusortheNUMAchinebus. Datais transferredn unitsof cachdinesbetweerthe
I/O cardandtheNUMAchine memory AppropriateAddressandCommandacketaneedio be alsowritten
totheoutFIFOto ensurdhatthedatais processedorrectly It is essentiathatall outgoingpacketdrom the

I/O cardcomplywith thefull hardwaregprotocol,or thesystenmaycrashor otherwiseshowstrangeéehavior
Great care should be taken when interacting with the station.

5.2.1 Local AddressSpaceon I/O Card

TheR46500n eachl/O cardhasits own local addresspace.The local address space on each I/0
card is completely independent of the NUMAchine address space and completely isolated fromiit.
Theonly communicatiorbetweeraddresspacess by transferringdatathroughthe FIFO buffers.

Table5.2: Localaddresspaceon 1/O card
| Virtual address Local Address|  Size | Description |

OxBFCO00000| 0x1FCO00000| 4 MB | FlashEPROM(BOOTCS)
OxBFO00000| O0x1F000000| 12MB | DUART (CS3)

0xBD000000| 0x1D000000| 16MB | Monitoring (CS2)

0xBC800008| 0x1C800008 8MB | R/W DataFIFO to bus(forceparity CS1)
0xBC800000| 0x1C800000, 8 MB | R/W DataFIFOto bus(CS1)
0xBC400000; 0x1C400000 8 MB | Statugregisteronly (CSO0)
0xBCO0O00000] 0x1C000000] 8 MB | CMD FIFO andstatugregister(CSO0)
0xB4000000| 0x14000000, ? MB | GT internalregisters

0x14000000, 0x14000000 32MB | DirectmappedCl memoryspace
0x10000000, 0x10000000| 32MB | DirectmappedPClIO space
0x00000000] 0x00000000, 32MB | Local DRAM
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Figure5.1: NUMAchinel/O card(Rev 2)

Table5.2onthepagebeforedescribeshelocaladdresspacdor theR46500neachl/O card. A number
of constanthavebeendefinedn numaio.h.Theaddresgor writing thedataFIFOwhichforcesparity should
alwaysbe usedfor addresse® ensurghatoutgoingaddrespacketshavecorrectparity independenof the
modeof thesystem(ECC/parity).

5.2.2 The StatusRegister

Thesstatusregisteron the I/O cardis designedsothatthe key flagsof all of the deviceson the cardcanbe
polled,ratherthanconstructingacomplexinterruptstructure.Sincetheprocessoonthel/O cardis primarily
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responsibléor movingandmanipulatinghel/O data,its corecontrolloop shouldpoll the statusregisteron
avery frequentbasis.If for examplethein FIFO onthel/O cardfills up,andthememorycardis trying to
sendatransactiorto the I/O cardthe memorycardwill beblockeduntil thereis sufficient spaceonthel/O
cardto sendhetransactionlf thishappengor toolongtheprocessormaytime outandgivefatalbuserrors.
If thel/O carddoesnothingelseit mustensurehatthein FIFO is emptiedassoonaspossible.

Thein FIFO command andthe statusregisterarereadat the sametime. The upper32 bits arethe status
registerandthelower32arethein FIFO command andassociate®&select.Thecontent®f thestatugegister
aredetailedin Table5.3

Table5.3: Contentof the statusregisteron the l/O card

| Bits | Active | Description | Bit MaskMacro |

35..32 SCSlphasedevice0 (GPIO[4..1])

37..36 SCSlphasedevicel (GPIO[4..1])

43..40 SCSlphasedevice2 (GPIO[4..1]f

47..44 SCSlphasedevice3 (GPIO[4..1]f

51..48| Low SCSlinterrupts IO_STAT_SCSILIRQ
52 | Low? | OutdataFIFO almostfull IO_STAT_DAT_AF
53 | Low? | In dataFIFO empty IO_STAT _DAT_EF
54 | Low? | OutcommandrIFO almostfull IO_STAT_CMD_AF
55 | Low? | In command~IFO empty IO_STAT_CMD_EF
56 | High | In FIFOreadonemptyerror IO_STAT_RD_ERR
57 | High | OutFIFOwrite onfull error IO_STAT WR_ERR
58 | High | Pollrequest IO_STAT _UART_POLL
59 | Hight | ECC/Parityerrordetected IO_STAT_ECC.ERR
60 | Low DUART interrupt IO_STAT_UART_INT
61 DUART op3

63..62 Spare

TGPIO[] is a groupof programmablé/O pins on the 53C825ASCSlcontroller GPIO[0] is con-
nectedo aredled onthel/O card,whichwill turnonif thel/O pin drivesa low.

5.2.3 DUART details

The DUART onthel/O cardhasa few dedicated/O pinswhich areusedfor controllingthe flow control
ontheRS232port, aswell asotherfunctionswe havedefined.Table5.4 on the nextpagedetailsthe useof
the dedicatednput pinsip[] andthe dedicatedbutputpinsop[]. Theincludefile for usewith the 1/O card
DUART is numaioduart.h.

5.2.4 Boot-time Protocol to Down-load Local 1/0 Software

5.25 Detailson BusInterface Control

The businterfaceis connectedo the dedicated/O processothroughtwo logical Queues.The In FIFO
andtheOut FIFO. In reality thereareactuallytwo FIFOsin eachdirection,onecontainingaddres®r data
(DataFIFO) andthe othercontaininghe correspondingommandandassociatedoutingbits (CMD FIFO).
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Table5.4: DUART 1/O pin connection®nthel/O card

| Name| Description | Bit MaskMacro |
ip0 ACTS DUART_IPR.CTSA
ipl UART_CTSN DUART_IPRCTSN
ip2 Revisionnumber- 1 DUART_IPR. REVNUM
ip3 UART_POLL REQin DUART_IPR.POLLIN
ip4 Only onel/O card DUART_IPR.ONEIO
ip5 I/O cardnumber DUART_IPR. CARDNUM
ip6 cachdine size(1 = 128bytes) DUART_IPR CLSIZE
op0 A_RTS
opl | UART_RTS.N
op2 | UART_POLL_REQout DUART_POLL_REQ
op3 DUART controlledLED
op4d | A.RX_RDY (NC)
op5 SystemResetReques{JumperJH1 mustbeinstalled)
op6 | A_TX_RDY (NC)
op7 PClresetreques{JumperJH2 mustbeinstalled)

A readremovesanentryfrom thecorrespondindgn FIFO, andawrite placesandentryin thecorresponding
Out FIFO. Theaddressindor theseFIFOsis detailedin Table5.2on page32.

A transactioron the NUMAchine busis brokendowninto multiple packets.The simplesttransaction
class,referredto asa shorttransactioncontainsonly one packet. This packethastwo parts,the address,
andthe correspondingommand. This is the format usedfor readrequests.The next classis referredto
asmediumtransactionsvhich comprise2 packets.Thefirst packetalwayscontaingheaddresandrelated
commandandthesecongacketcontaing4 bits of dataandadataidentifier. Thethird classisreferredto as
longtransactionsTheycontainoneaddrespacketAddresst CMD) andacachdine worth of datapackets
(Data+ DatalD) whichis either8 or 16 dependingon the cachdine sizein usein the system.

To simplify processingf transactiondy thel/O cardall datalD’ s arestrippedoff onincomingtransac-
tions,andthedatalD’ sareautomaticlygeneratedor outgoingtransactionsA meanf modifyingtheData
ID exists,butthatwill bediscussedater. As aresultthel/O processoneedsonly to reador write the CMD
FIFO oncepertransactionindependentf the sizeof thetransaction.

It is importantthatthe numberof requestshatthe I/O cardhasin the systemis limited. The hardware
placesaupperboundof 8 outstandingequestperlogicaldevice.Thel/O card(s)areclassifiecasonelogical
device,soto simplify controlit is recommendethattherebe only 4 outstandingequestsllowedper /O
card. Threeof the upperbits in thecommandarereferredto astherequesnumber It is recommendethat
thesebe setasfollows. CMD[12..10]= {(IO_cardnumber),(nexteqnum[1..0]} It is theresponsibilityof
the /O cardto ensurehatonly onerequeshumberis in useatanytime for requestsThe valueof request
numberdoesnt matterfor write operations.

How to modify outgoingdatalDs [ADD HERE!]

5.2.6 Noteson PCI
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Monitoring and Special Functions

MANY OF THE FEATURESDESCRIBEDIN THIS CHAPTERHAVE NOT BEENTESTED.

6.1 Address Space

Table6.1 providesthe magicbit combinationgor monitoringandspecialfunctions.

Table6.1: Addressspacefor speciaffunctionsandmonitoring

MagicBits | Address Detailed
35..32 27..26 | Op | Brief Description Reference
| O0xx | 10 [R/W | Processocardmonitoring \ Sections6.2.1 ||
0x4 00 R/W | Busmonitoring/tracéhardware Section6.2.2
01 Interring interface(IR1) monitoring and special Section6.2.527?

functions (No monitoring hardware is currently
installed on the global ring)

10 Network interface (NI) monitoring and special| Section6.2.4,6.3.2
functions(includesRlI errorregisters)
11 Memorycardmonitoringandspecialfunctions Sections$.2.3,6.3.1
| 0x8 | Remoteaccesso processomonitoring;write-only (seeTable3.5,6.2)|  Section6.2.1 ||

6.2 Monitoring

6.2.1 Processor Card Monitoring (Untested)

Table6.2onthefollowing pageprovideshemonitoringaddresspaceonthelocalbusof theprocessocard.
Notethatmonitoringrequestsnay originatefrom a remoteprocessarbut all requestsn this addresspace
ultimatelyappearmon thelocal busof a processocard. This addresspaceds primarily usedto accesson-
figurationregistersandcounters.For someof thecasesn Table6.2 onthe nextpage thereis a distinction
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Table6.2: Monitoringaddresspaceon local busof processocard(requestsnay originateremotely)
*** |S THEREA DIFFERENCEBETWEEN10AND 11 FORREMOTEWRITES?***

Magic Address Address Address
Register 35..32 27..26 25..22 6..3
CounterSRAM | 0x1 (local; read/write) 10 101 (bits 17..3goto SRAM)

(not impl.) 0x8 (remote;write) seeTable3.5 101 (bits 17..3goto SRAM)
Monitoring | Ox1 (local; write) 10 | 1101 | seeTable6.3 |
Configuration | 0x1 (local; read) lunsupported
Registers 0x8 (remote;write) seeTable3.5] 1101 | seeTable6.3 |

Counter[3..0] | 0x1 (local; write) 10 1110 mask(6=cntr3,...,3=cntr0)
0x1 (local; destruct.read) 10 not impl. 01XX (XX=counter#)
0x1 (local; nondestructread) 10 1110 01XX (XX=counter#)
0x8 (remote;write) seeTable3.5 1110 01XX (XX=counter#)
RESER/ED 0x1 (local; read/write) 10 11mm Gizmobusalias
0x1 (local; read/write) 1 11mm R4400accesso Gizmobus
0x8 (remote;write) 10 11m Gizmobusalias
0x8 (remote;write) 1 lundefined

Note: remotereadsareundefined.

betweerreadsthataredestructiveandreadsthatarenondestructivelyi.e., registercontentsare clearedor
preserved).

For countersmaskis write-enabledatawritten to selectedcounters.

***CHECK CORRECTNES®F TABLE 3.50npage21***

Table6.3onthenextpageprovideghedetailsfor themonitoringconfiguratiorregisterontheprocessor
card. Thedatabitsindicatedin thetablearefor the dataportionof theuncachedccess.

The currentprocessocardsdo not supportany of the processomonitoringfeatures.The hardwares
installedon thecircuit board,butthe monitoringFPGA s programmedy defaultto supportonly the basic
interruptfeatures. Themonitoringdesignis currentlybeingre-worked andshouldbeatleastpartiallytested
by theendof Q1 1998.

More detailsto beaddedasfeaturesareimplemented.

6.2.2 BusMonitoring

No dedicatedbusmonitoringhardwarehasbeenimplementedbut thereis a pieceof the addresspacere-
servedor busmonitoring.A smallmonitoringcircuit hasbeenmplementednthel/O cardwhichmonitors
thebusarbiterwhenthel/O cardis installedin thearbiterslot. Thismonitoringis accesseuia theembedded
processoonthel/O card,andcannotbedirectlyaccessettom themainprocessorsk-ormoredetailsplease
referto theappropriatd/O documentation.

6.2.3 Memory Card Monitoring

Memorycardmonitoringhadbeenimplementedbut notyet documentear tested.The monitoringcompo-
nentssuchasthe monitoringSRAM arefunctioningcorrectly Thedetailson how the monitoringfunctions
will beaddedastheyaretested.
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Table6.3: Monitoring configuratiorregisterson processocard

Addr. Data
6..3 | Mnemonic Name Bits | Notes
0x0 PR PhaselDRegister 15..0
0x1 PW PhaselDWatch 15..0 | comparedgainstPR
0x2 Cw Commandaatch 12..0 | comparedgainsfilteredcommand
0x3 CF Commandrilter 12..0 | removesunwanteccommandoits
0x4 AWhi AddressWatchHigh 7..0 | formsAW bits 39..32
0x5 AWIlo AddressWatchLow | 31..0 | formsAW bits31..0
0x6 AFhi AddresgFilter High 7..0 | formsAF bits39..32
0x7 AFlo AddresgFilter Low 31..0 | formsAF bits31..0
0x8 GPCMO General-Purpose 23 | counterenable
CounterO Mode 22..16| pipelinestatusconfiguratiorbits PS[6..0]
15 | enablenterruptonoverflow
14..11 | eventselect{(oneof 16 events)
10 | countcycleshigh, or low—hightransitions
9..8 | enablemasksbelow..invertmasksense
7..6 | enablePW compare...invertomparesense
5..4 | enableAW compare...invertomparesense
3..2 | enableCW compare...invertomparesense
1 enablesendingnask(SM)
0 enablereceivingmask(RM)
0x9 GPCM1 Gen.-Purpose 23..0 | SameormatasGPCMO
Oxa GPCM2 Counterl,2,3Modes
Oxb GPCM3
Oxc SCM SRAM CounterMode | 22 | enablenterruptonoverflow
21..20| countemode
19 | muxMISS—usesnisstypewhenset
18 | muxRSR—useRSRwhenset
17 | muxPRhi—usesipper5 bits of PRwhenset
16 | muxPRmid—usemiddle7 bits of PRwhenset
15 | muxPRlo—use®wer4 bits of PRwhenset
14..11 | eventselect{oneof 16 events)
10..0 | sameasGPCMObits 10..0
Oxd HWIRQ | HardwardRQ Enable| 20..16| enablebitsfor hardwardRQ
Oxe GPCE MasterGen.-Purpose| O masterenablefor all four
CounterEnable general-purposeounters
Oxf | SRAMCE MasterSRAM 0 masterenablefor SRAM counters
CounterEnable
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Table6.4: Addressspacdor Memory CardMonitoring andSpecialFunctions
MagicBits | Address
35..32 | 27..24]| 23 | Description

0x4 1100 | X | SpecialFunctionandinterruptcontroller

Ox4 1101 | X | Block LabelSRAM

0x4 1110 | X | Monitoring SRAM

0x4 1111 | 0 | Initialize all monitoringSRAM

0x4 1111 | 1 | ReprogranSF mon controllerfrom the monitor
ing SRAM

6.2.4 Network Interface Monitoring

Thereis no dedicatednonitoringhardwareon the NetworkInterface.Therearethough,two Ring Interface
registers.The primary purposeof theseregisterds to capturethefirst error packetthatcomesoff thering.

Table6.5: Addressspaceor Ring InterfaceError registers
Magic Bits | Address
35..32 27..24 | Op | Description

0x4 1000 R | RinginterfaceStatusregister(containsthe Com-
mandandSMA of the error, andsomestatus)
0x4 1010 R | Ring Interface error register (contains the

Add/Datapacketof firstlocal ring error)

A ring error occurswhena ring packetis not correctlyremovedfrom the ring. This canoccurin two
ways. Thethe packetmay address non existentstation,or the routing bits in the packetmay havebeen
corrupted.Thefirst casds causedy a softwarebug/oversightandthesecondccases afatal hardwareerror
andshouldnotoccur Thesewo registersareintendedo assisin thedebuggingof relatedsoftwareaswell
ascommunicatesomeof the systemconfigurationinformationsuchasthe numberof stationsconnectedo
thislocalring, andif theIRI is connected.

Whenaring erroroccurghefaulty packetis removedromthelocalring andstoredn theerrorregisters.
ThecommandSMA andadd/datarestoredn theseregisters Whenanerroris capturedhenetworkcache
sendsa hardwardnterruptto all local processorsvith bit 2 set(ie. 0x04in the hardwardnterruptregister).
All subsequergrror packetsarediscardeduntil the Ring interfaceerrorregisteris read,at which pointthe
controlleris resetanda newerrorcanbecaptured.

6.2.5 Inter-ring Interface Monitoring

Interring interfacemonitoringis not yet implemented.Hookshavebeenaddedto the Global Ring main
boardwhichallow monitoringto beaddedherein thefuture. In orderto dothistheLocal Ringboardneeds
to bere-spunwith additionalhardwareadded.Until thatis donethe IRI addresspaceshouldnot beused,
sincefuturefunctionalityusundefined.
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| Bits | Description

10..0

SMA of errorpacket

13.1

ReservedCurrentlyUndefined]

15..14

Error packetcommandparity

31..16

Error packetcommand

33..32

My stationnumber(0-3)

35..33

My ring number(0-3)

37..36

Numberof stationson thislocal ring minusone(0-3)

38

IRI present

39

FIFO from the Ring to the NC is half full

47..40

ReservedOtherinfo, currentlyundefined]

63..48

ReservedCurrentlyundefined]

6.3 Special Functions

6.3.1 Memory Card

Eachmemorycardin thesystemcontainsa special function unit to performblock operationsThis unit per
forms oneor two specialfunctionson a contiguousblock of up to 256 cachelines. Specialfunctionsare
initiated by writing the speciafunctionregisterson the Memoryboard. Completionof specialfunctionsis
signaledwith anoptionalinterrupt.
Theoperationsupportedy the speciaffunctionunit are:

e blockwrite of SRAM tags

arereplaceddy I/O initiated by the operatingsystem)

the stateto lockedlocal valid)

e blockmemorymove(mustdo obtaincopyfirst)

e blockzeroregion

block kill-copy (removescopiesof cachelinesthroughouthe systembeforephysicalmemorypages

block obtain-valid-copy-in-memorgbringsanyremotedirty copiesof cachdinesto memoryandsets

block broadcastvith invalidate(Theregionto be broadcasimustbe lockedlocal valid)

A preliminarylibrary hasbeersetupwhichimplementsll of thesdunctionsexcepblockzeroregion.There
aretwo versionsof thelibrary, sf lib.c for coderunningon the processorsandsf_iolib.c. Theincludefile
numasf.hhasa numberof constantdefinedwhich are usefulwhenusingthe specialfunctionsunit. The
library hasnot beentestedon remotestationsandwill likely needmodificationgo makeit work correctly
All specialfunction processeareinterruptibleat cache-linegranularityby the mastercontrolleronthe
memorycard;the mastercontrollerprocessespeciaffunctionsonly whenthereareno pendingrequestsor
afterthemastercontrollerhasprocesse® incomingcommands.
Thespecialfunctionsunit containsa numberof registersaasoutlinedin Table6.7 on thefollowing page.
Theaddres$or Memorycardspeciafunctionss currentlyAD[31..24]=0x4cfromtheprocessqror AD[35..24]

= 0x40cfrom thel/O card.
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Table6.7: Registerdor speciafunctionsandmonitoringin the memorycard

Addr Registers

11..0 | 63..48] 47..32 | 31..17 | 15..0

000 SFstatugegister[R] \ monitoringconfig. [R/W]

100 SpecialFunctionsControl Registef’ [W]

200 SFregl(Addl)[W]

300 SF.reg2(Add2/Data)W]

400 Error Addresg(AD1) [R]

500 —_— Intr_vectorO(Error) [R]

600 | Monitoringinit. data[R/W] | SFintr. target[R/W] Intr_vector1[R/W]
station| device(s) (specialfunctions)

700 —_— Mon. intr. target[R/W] Intr_vector2[R/W]
station| device(s) (monitoring)

800 HW SpecialFunctionlock register returnsthe samedataasAddr 000[R]

fwith morethanonememorycard,the LSB of acachdine addresselectghecard.
[R]=read-only [W]=write-only, [R/W]=read/write
tWriting this registerstartsthe specialfunction.

Thecontentof the speciafunctionstatusandmonitoringconfigregisteraredetailedin Table6.8onthe
nextpage. The Lock owneridentifieswhich hardwaredeviceis currentlyusingthe specialfunctionsunit.
Any devicewishingto usethe specialfunction unit mustfirst lock it beforemodifying any of its internal
registers.The hardwardock is setby performinga readof thelock registerat addres©x800. If thevalue
returnedn the lock ownerfields matcheghe requestingleviceslD it is the lock ownet otherwiseanother
deviceownsthelock. Theunitis automaticallyunlockedwhenaspeciafunctioniterationcompletesThere
is no otherway of unlockingthe specialfunctionsunit.

Oncethe speciafunctionunit is lockedthe SF registerccanbe written. The specialfunctionsunit only
allowswriting of the SpeciaFunctionControlRegisteif thehardwardock is set,butit doesnt checkif the
lock ownercorrespondso thedevicewriting theregister Softwaremustensurghatonly the devicehaving
the lock may write it. The SpecialFunctionsControl Registershouldbe written last sinceit initiatesthe
specialfunction.

Thespeciaffunctionunit performsall speciafunctionsin phasesThe phasesredefinedasfollows:

e Phaseé - Performsecondastspecialfunctioniteration
e Phasel - Performlastspecialfunctioniteration
e Phase - Sendspecialfunctionsinterrupt

e Phase - Sendcoherencerrorinterruptor monitoringinterrupt

Whena specialfunctionis initiated the valueof startphasendicateswvhich phasehe specialunit will
startin. Startphaseshouldbesetto eitherO or 1. Unknownoperationwill occurwith othersettings.Typ-
ically asinglepartspecialfunctionoperationwill startin phasel (eg. block write SRAM), anda two part
speciafunctionoperationwill startin phase0 (eg. block move).

For everyphasehereare multiple iterations. The phasecountindicatesthe numberof iterationsto be
performed.If thenumberof iterationds setto zeroundefinedehaviomwill occurif thecorrespondinghase
is started.The maximumcountallowedis OxFFfor this specialfunctionsunit.
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Table6.8: SpecialFunctionsStatusandMonitoring Config Register{0x000)
| Bit | Description | Macroshift amount |

15..0 | Monitoring configuration
17..16| SIMM Size(00=4Mb,11=8Mb,10=16Mb,01=32Mb)
18 | Cachdine sizeasseerby memorycard
19 Numberof memorycards- 1
20 | Interruptpending(Mon, SFor Error)
21 | Errorinterruptpending
22 Erroroccurred
23 | SFunitEnabled
27..24| SFcontrollerrevision
31..28 | Boardrevision
35..32| My stationaddresgencoded) MEMSF_STATION _SHIFT
39..36| Lock ownerPID (compressed) MEMSF_LOCK_SHIFT
47..40| Lock ownerstation(filter mask)
49..48| SFstate-machin®hase
50 | SFinterruptpending
63..51| CMDJ11..0] presenwhenerrordetected

Table6.9: SpecialFunctionsControlRegiste(0x100)

| Bits | Name | Description |
7..0 | Phase) count Thenumberof iterationsto be performedn phaseD.
15..8 | Phasel count Thenumberof iterationsto be performedn phasel.
23..16 | SFRselect Theresponseaelectusedfor the specialfunctions
26..24 | Startphase Phaseo startprocessindghe specialfunctionsat (eitherO or 1)
43..32| SFCMD1[11..0] | Speciaffunctionscommandl
44 | PartBlinc Specifiesvhetherthe Add/Dataportion of partB is incremented
duringphased
45 | PartBlzero Specifieghatthe Add/Dataportionof partB is setto zero
46 | PartBladd SpecifieavhetherSF REG1(=0)or SF REG2(=1)is used
a7 PartBlcmd SpecifieavhetherSF. CMD1(=0)or SF. CMD2(=1)is used
59..48 | SFCMDZ2[11..0] | Speciaffunctionscommand?
60 | PartB2inc Specifieswhetherthe Add/Dataportion of partB is incremented
duringphasel
61 | PartB2zero Specifieghatthe Add/Dataportionof partB is setto zero
62 PartA2 add SpecifieavhetherSF REG1(=0)or SF REG2(=1)is used
63 | PartA2cmd SpecifieavhetherSF. CMD1(=0)or SF. CMD2(=1)is used

Eachiterationis madeup of two partsasfollows:
e PartA - Deposithespeciafunctionscommandndcorrespondingddresgmustbecachdine aligned).

e PartB - Depositthedataportionif oneis used,or deposithetargetcommandandaddres$or amove
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instruction.

The commandandaddressisedfor thesetwo partscancomefrom SF.CMD1 or SFCMD2, andthe
address/datportioncancomefrom SF_Reglor SF.reg2. Therearesomerestrictionson sourcedepending
onthecurrentphaseln phase0 thefollowing combinationsarevalid:

e PartAl: SECMD1, SEREG1
e PartB1: [SF.CMD1, SF.CMD2],[SE.REG1,SEREG2,ZERO]

OncePhaseQcountiterationsof phase) havebeencompletedhe SF unit startsphasel. In phasel the
valid combinationsare:

e PartA2: [SF.CMD1, SF.CMD2],[SF.REG1,SEREGZ2]
e PartB2: SF.CMD2, [SF.REG2,ZEROQ]

Thecontrolvariablesncludedin table6.9ontheprecedingpagecalledPartB1zeroetcareusedo spec-
ify which sourcefield is usedwhenthereareoptions. Theincremenioptionsonly effect PartB. Theaddress
usedin partA is alwaysincrementedy a cachdine. If acommands usedin partA which hasdata,then
thecommandusedin partB mustbe adataidentifierwith the EOD bit set.

Whenthe specialfunctionsunit completephasel (Phaselcountis reached)jt moveson to phase?.
In this phasea hardwardnterruptis sentto the device(s)specified.A 16 bit vectot Intr_vectorlis sentto
the SFint. target. The top 8 bits of the SFint. targetregisterarea filter-maskindicatingwhich station(s)
shouldreceivetheinterrupt. If the filter-maskdoesnt matchthe local stationthanthe interruptis sentto
thering andis routedto the station(s)specified.Bits 7..4 of the SFnit. targetregisterspecifythe selected
processofor remoteinterrupts,andis thebits areall zerothel/O cardis selectedif onthe otherhandthe
filter-maskmatcheghestationnumberthanthelower 8 bits of the SFint. targetregistelis usedastheselect
bits for the interrupt. Pleasaeferto the Systeminterconnecthapterof NUMAchine Hardware Reference
and Maintenance Manual [CGG*97] for the selectbit andRselechit encodings.

Phase8 is enteredonly whena memorycoherencerror occurs,or a monitoringinterruptis requested.
It is notreally a partof a specialfunctionoperationbut it definedasphase3 for implementatiorreasons.
In phase3 the specialfunctionunit broadcastan interruptto all local processor# the caseof anerror, or
sendsa monitoringinterruptasspecifiedn the monitoringinterruptregister(0x700).

Furtherdetailsareavailablein NUMAchine Hardware Reference and Maintenance Manual [CGG'97].

6.3.2 Network Interface Special Functions

Thereareno block speciafunctionsimplementednthe NetworkInterface.For informationon howto ac-
cessspecialNetwork Cacheoperationseferto the Cachecoherenceection.
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Chapter 7

Configuration and Startup

7.1 Configurable Features

A numberof featuresareconfigurablevia sofware throughoverridego settingsn the serialbootPROM.

7.1.1 Clock Speed Selection

e Thebusclockfrequencyis notcurrentlyselectablevia software.
e Thering clock frequencyis notcurrentlyselectablevia software.

e Theprocessomterfaceclockdivisoris notcurrentlyselectablevia software.[I sthistrue?]

7.1.2 Cacheline Size Selection
7.2 TheBootstrapping Process

7.2.1 Booting through the Gizmo I nterface
7.2.2 Booting from EPROM
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Chapter 8

Testing
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Chapter 9

Other Important Facts

The R4400performsuncachedeadandwrite operationsn a certainway which the hardwaremustsatisfy
This hasimplicationsfor softwarein thatthe datamustbe properlyaligned.
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Appendix A

Convenience Macros for Address
Construction

Therearemanymoremacrosavailablethanarecurrentlydocumenteéh thisfile. If this stuff should
beincludedhereatall, thenthe headefiles shouldprobablybe groundthrougha pretty-printerand
included.Otherwisetheinfo standsa very goodchanceof goingstalevery quickly.

Theheadefile <numasys. h> definesanumberof conveniencenacroghatareusefulwhenconstruct-
ing addresseis systensoftware.By usingthesemacros systensoftwareneednotmakeexplicitreferences
to bit positions.Furthermorethe macrosautomaticallyshift the desiredvaluesto their correctpositionsfor
eitherthe MIPS R44000r MIPS R10000.

Thefirst two macrossetthe magicandstationfieldsin theaddress:

e NUMA_M3C( x) : This macrosetsthefour magicbitsto z, where0 < z < 15.

e NUMA_STN(y): This macrosetsthefour stationbitsto y, where0 < y < 15.

Thefollowing macrogprovidea symbolicnamefor eachvalid magichit combination:
M3C_LOCAL_MVEM /* access | ocal DRAM nenory */

MGC_PRCCR /* access procr card resources */
MGC_NC_W\B /* force wback from NC */

MEC_NC _DRAM LOCK /* uncached, at onic NC DRAM */
MEC_MON /* bus nonitoring and trace h/w */
MGC_MEM_UPDATE /* initiate updated from nmenory */
M3C_NC KI LL [* kill cache lines in NC */

MEC_NC_PREFETCH /* prefetch into network cache*/
MSC_REM INT_MON /* renote interrupt & nonitoring */
M3C_NC_CMD /* assorted NC accesses */
MEC_MEM SRAM LOCK /* uncached, atonic nmem SRAM */
MEC_MEM DRAM LOCK /* uncached, atonic nmem DRAM */

M3C_MEM _BCAST /[* initiate broadcast fromnem */
M3C_MEM_SRAM /* uncached nem SRAM access */
MC | O /* 1/0O operations */

M3C_NORVAL /* normal nmem or NC DRAM */

Forthosemagichit combinationavhich requireextensionsn addressits 27..26 thefollowing macros
definethevalid extensionsvhich mustbe ORedwith the magicbits:
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/* for M3C_PRCCR */

VEXT_PROCR_DI SABLE_FI FO /* on read */
MEXT_PROCR FMREG ENB FIFO /* on wite */
MEXT_PROCR DI SABLE PARITY /* on read */
MEXT_PROCR_FMREG ENB PARITY /* on wite */
VEXT_PROCR_LC__| NT_MON /[* read/wite */
VEXT_PROCR_d ZMO /[* read/wite */

[* for M3C_MON */
MVEXT_MON_BUS
MEXT_MON_RI
MVEXT_MON_NC
MEXT_MON_MEM

/* for MSC_REM | NT_MN */
MEXT_| NT_LCL_STN
MEXT_| NT_REM STN

/[* for M3C_NC _CMD */
MEXT_NC_WVBACK | NDEX
MEXT_NC_DRAM
MEXT_NC_SRAM
MEXT_NC_SRAM LOCK

Finally, for thosemagicbit combinationsequiringextensionsasinglesymbolis alsodefinedto combine
the magicbits with the extensiorbits:

/* for M3C_PRCCR */
MEC_PROCR_DI SABLE_FI FO
MEC_PROCR_FMREG _ENB_FI FO
MEC_PROCR_DI SABLE_PARI TY
MEC_PROCR_FMREG ENB_PARI TY
MGEC_PROCR_LCL_| NT_MON
MEC_PROCR_G ZMO

[* for M3C_MON */
MEC_MON_BUS
MEC_MON_RI
MGC_MON_NC
MEC_MON_MEM

/* for MBC_REM | NT_MN */
MGC_| NT_LCL_STN
MGC_| NT_REM STN

/* for M3C_NC _CMD */
MGC_NC_WBACK | NDEX
MGC_NC_DRAM



APPENDIXA. CONVENIENCEMACROSFORADDRESSCONSTRUCTION 51

MGC_NC_SRAM
MGC_NC_SRAM LOCK

Thefollowing areexample®f usingthesemacros.

| ong ReadMenorySRAM (1 ong of f set)

{
| ong SRAM dat a;
| ong * SRAM dat a_addr ;
SRAM data_addr = (long *) (STN (0x5) | M3SC_MEM SRAM | offset);
SRAM dat a = *SRAM dat a_addr
return SRAM dat a;
}
void Disabl eProcessor FI FO (voi d)
{
| ong dunmy;
| ong *address;
address = (long *) (M3C_PROCR | MEXT_PROCR DI SABLE FI FO ;
dummy = *address;
}
/*
* this function is used bel ow
*/
long StationToFMASK (int station_id) /* station_id = {0,...,15} */
{
| ong f mask;
/* upper 4 bits identify ring */
fmask = (1 << (station_id / 4)) << 4,
/* lower 4 bits identify station on ring */
fmask | = (1 << (station_id %4));
/* shift decoded station into proper position for FMregister */
return (fmask << 40);
}
voi d Wit eFVRegAndEnabl eFl FO (int station_id) /* station_id = {0O,..., 15} */
{

long filter_mask = Stati onToFMASK (0x5);
| ong *address;
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address = (long *) (M3C_PROCR_FVREG ENB_FI FO);
*address = filter_mask;
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